For a comprehensive characterization of mechanical reliability of metallization layers on polymer substrates both electrical and mechanical degradation should be taken into account. Although it is evident that cracking of a conductive film should lead to electrical degradation, the quantitative relationship between the growth of electric resistance and parameters of the induced crack pattern has remained thus far unexplored. With the help of finite element modelling we were able to find an explicit and concise expression which shows that electrical resistance grows with the fourth order of the crack length and second order of the areal crack density. The discovered relationship was verified by comparison with the experimental results of tensile testing of polymer-supported thin metal films. Presented model is independent of the length scale and can be applied to films with different thicknesses as long as Ohm's law is valid. It is demonstrated that linear crack density is an ambiguous parameter which does not properly capture the development of a crack pattern. For the unambiguous characterization of the intensity of a crack pattern a universal dimensionless factor is proposed. Presented results show that there is a wide range of possible crack patterns which do not lead to electrical failure of a conductive film that can be used for failure-free design of flexible electronic devices.
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Recently a great deal of attention has been focused on the investigations of mechanical reliability of polymer-supported thin conductive films. The main driving force for this research area is rapid development of flexible electronics concepts and technologies [1, 2] . The most straightforward way to characterize the evolution of mechanical damage is to use optical or scanning electron microscopy to track the structural changes at different stages of mechanical loading [3] [4] [5] [6] [7] [8] .
Additionally, one can record the electrical resistance of a film during mechanical test and correlate the changes in resistance signal to the structural changes within the film under test [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Significant structural degradation, such as cracking of a brittle film under monotonic loading, is indicated by a rapid growth of electric resistance [3] [4] [5] . In the case of ductile films, such as copper, silver or gold, the resistance increases slowly with applied strain and a reference curve which represents the constant volume approximation [7] [8] [9] [10] [11] is usually used to estimate the induced mechanical damage. Under cyclic mechanical loading the growth of resistance is attributed to continuous crack propagation with increasing cycle number [12] [13] [14] [15] [16] [17] . Although the electro-mechanical testing approach was extensively used during last decade, the exact relationship between the growth of electric resistance and parameters of the crack pattern is still unknown. For brittle indium tin oxide (ITO) films the model assuming the existence of conductive bridges within the cracks was developed [3, 5] . However, it is difficult to estimate the range of applicability of this model since the nature of the bridges was not explained.
In this paper, finite element analysis is used to simulate the flow of electric current in a 
Linear crack density, C l , is defined as a number of cracks per length in the current direction and is given by
The following simulation procedure was utilized. It follows from Fig. 1 that the growth of resistance due to cracks exhibit a strong dependence on both the linear crack density, C l , and length of a single crack, l 0 . By fitting the curves obtained from simulations we were able to find a simple and explicit formula for the relative resistance:
The dashed curves in Fig. 1 show Eq. (3) Equation (3) has a symmetric form with respect to two variables (Cl, l0) and is considered to be the most appropriate for the characterization of real samples since the linear crack density is the typical experimental parameter used for the description of cracking in polymer-supported films [3] [4] [5] [6] [7] . However, since C l depends on l 0 , a more rigorous expression of resistance as a function of two independent variables would be
Equation (4) shows that the electrical resistance grows with the fourth order of the crack length and second order of the areal crack density. It is necessary to note that Eqs. A very important conclusion which can be drawn from Fig. 3 is that even high crack densities can result in only a moderate resistance increase if the lengths of the cracks can be kept small. It is also clear that neither crack density nor crack length alone could provide an unambiguous description of the damage development. Thus, the widely used practice of using only linear crack density to correlate induced mechanical damage with the resistance growth [3] [4] [5] [6] [7] should be corrected. The crack length and crack density can be combined in a single variable describing mechanical degradation of a thin film. This new variable which we call the cracking factor, C F , is defined simply as a product of the crack length and linear crack density: C F =C l l 0 . Keeping in mind that linear crack density can be considered as a reciprocal of the average crack spacing, λ, the cracking factor can be also represented as C F =l 0 /λ. To support the implementation of the cracking factor consider two idealized crack patterns shown in Fig. 4 . In Fig. 4a there are four cracks within the square area DxD (D is much smaller than the width of the sample) and each crack has a length of l 0 =D/2. According to Eqs. (1) and (2) 4a. The linear crack density stays the same and thus does not reflect the fact that the crack length increased. The cracking factor in Fig. 4b is two times higher than in Fig. 4a and is considered to be more appropriate measure of the cracking intensity. The fact that the cracking factor is dimensionless allows it to be applied at different length scales as a universal measure of cracking intensity. Using the cracking factor, one can now provide a two-variable equation connecting the electrical and topological degradation of conductive films:
With Eq. (5) In summary, a finite element model for the resistance growth in a quasi 3D material sheet with random one dimensional crack patterns was developed and solved for different crack configurations. By fitting the simulation results an explicit expression for the resistance growth was found and verified by comparison with experimentally measured data. A dimensionless factor, the cracking factor, is introduced and shown to be a universal parameter which appropriately describes the intensity of cracking of a thin film on a polymer substrate. The explicit relationship provides a unique possibility to estimate mechanical damage knowing only electrical resistance, or alternatively the electrical degradation can be estimated on the basis of only microscopic characterization.
Supplementary Material
See supplementary material for the example of a finite element model of a conductive material sheet with random crack pattern.
